scene. When multiple stimuli are presented simultaneously in a neuron's receptive field (RF) in areas V2, V4, or the inferior temporal cortex, and the animal directs its attention to one of them, the neuron's response is determined primarily by the attended stimulus (Moran derive.
Introduction (Luck et al., 1997). Taken together, these findings have suggested a "biased competition" account of attention, Visual scenes contain typically many different objects, according to which attention directed to a location biwhich cannot all be processed simultaneously due to ases activity in visual cortex in favor of any stimulus the limited processing capacity of the visual system. presented at that location. When multiple stimuli appear The selection of behaviorally relevant information from in the visual field, the cells representing the stimulus at such cluttered scenes is mediated by visual attention. the attended location "win," thereby suppressing cells If one directs attention, for example, to a particular locarepresenting distracting stimuli at nearby locations (Detion in the visual field, information processing is greatly simone and Duncan, 1995; Duncan, 1996; Desimone, facilitated in the attended location and suppressed at 1998). nonattended locations (e.g., Treisman, 1969; In recent functional magnetic resonance imaging 1980; Driver and Baylis, 1989) . At the neural level, at-(fMRI) studies, we found evidence for similar mechatending to a particular location or to a particular object nisms in human extrastriate cortex (Kastner et al., 1998) . derive. 
Results
TEO of the left hemisphere in all subjects. As the border between V2 and VP could not be distinguished unequivocally in some of the subjects, the combined region will Five subjects were tested in a modified version of a henceforth be referred to as V2. The locations of the previously used block design (Kastner et al., 1998) , in activations were in the ventral parts of these areas, conwhich epochs of visual presentations alternated with sistent with the locations of stimuli in the upper right blank presentations as the subjects maintained fixation visual field. This is illustrated for a single subject in at a central fixation point ( Figure 1C ). During visual pre- Figure 2A . The same areas were activated in the atsentations, four complex colorful images were pretended condition, but activated volumes averaged sented in four nearby locations to the periphery of the across subjects were significantly greater in V4 (38% Ϯ upper right quadrant either sequentially or simultane-12% [mean Ϯ SEM]) and TEO (81% Ϯ 12%) (ANOVA: ously ( Figures 1A and 1B) . The physical stimulation pamain attentional effect, p Ͻ 0.05; cortical area and attenrameters in each of the four locations were identical. tional effect, p Ͻ 0.05); there was no increase in volume However, sensory suppressive interactions among stimdue to attention in V1 or V2. During the 10 s expectation uli could take place only in the simultaneous and not in period that preceded the attended presentations, the the sequential condition. In addition to the different visame parts of areas V2, V4, and TEO were significantly sual presentation conditions, two attentional conditions activated in all subjects and of area V1 in two of five were tested: an unattended condition (UNATT, Figure subjects (see Table 1 ). This activity was related to direct-1C), during which subjects maintained fixation and iging attention to the target location in the absence of nored the peripheral visual stimuli, and an attended convisual stimulation and is shown for a single subject in dition (ATT, Figure 1C ), during which subjects covertly Figure 2B . It should be noted that the increase in activity directed attention to the location closest to fixation and during expectation was retinotopically specific inascounted the occurrences of one of the images, which much as it was only seen in areas with a spatial represenwas indicated before the scan started. The attended presentations were indicated by a marker next to the tation of the attended location in the upper right quadfixation point, which was presented briefly 11 s before rant. As shown in Figure 2B , the ventral portion of the the onset of the visual presentations. The subjects' task lingual gyrus and medial parts of the fusiform gyrus of was to covertly direct attention to the target location the left hemisphere, which contain the upper right visual as soon as the marker was shown and to expect the field representations of V2 and V4, were activated. occurrence of the stimulus presentations (expectation An analysis of the time series of the fMRI signal ( Figure  period [EXP], Figure 1C ). In this way, the effects of atten-3) and the mean signal changes ( Figure 4A ) averaged tion in the presence (ATT) and absence (EXP) of visual across subjects showed that signals increased in all stimulation could be studied.
ventral visual areas during the expectation period (gray shaded epochs in Figure 3 ; EXP SF , Figure 4A ) with the strongest effect in V4 (repeated measures ANOVA: main Visual Cortex The complex images evoked significant activity in the effect of area, p Ͻ 0.01). This increase of activity, which we will term the baseline increase, was followed by a unattended condition in visual areas V1, V2, VP, V4, and further increase of activity after the onset of the visual 1998). We measured the activity in the peripheral field representation of the upper quadrant when subjects copresentations (blue shaded epochs in Figure 3) . In all areas, the signals evoked by visual presentations were vertly attended to that location compared to the activity when subjects attended to the fixation location. The larger than the baseline increase (Figures 3 and 4A ; ATT versus EXP, p Ͻ 0.01 in V1, V4, TEO and p Ͻ 0.05 baseline effect in this control condition was nearly identical to what we had found in the main experiment in V2). During alternating expectation periods, a small (0.2Њ ϫ 0.2Њ) black dot was presented as a spatial cue (EXP T/L , Figure 4A ), demonstrating that the baseline increase was due to spatially directing attention to the in the target location in order to reduce the subjects' working memory load of the attended location. No differperipheral location. In many respects, the activity evoked by unattended ences in the magnitude of baseline increases were seen in conditions with or without this cue, suggesting that and attended stimulus presentations in the current paradigm confirmed our earlier findings (Kastner et al., 1998) . the baseline increases do not depend to a significant degree on spatial working memory.
As found before, simultaneously presented stimuli evoked weaker responses than sequentially presented Because the baseline increase was obtained by comparing conditions during which subjects directed attenstimuli in V2 (p Ͻ 0.05), V4 (p Ͻ 0.001), and TEO (p Ͻ 0.05) but not in V1 (Figures 3 and 4A ) during the unattion to a peripheral target location with conditions during which subjects simply maintained fixation without being tended visual presentations. This sensory suppression effect increased from V1 to V4 (interaction of cortical engaged in an attentional task, it could be argued that the baseline increase was due to nonspecific effects, area and presentation condition, p Ͻ 0.05). In TEO, sensory suppression was not different from that seen in V2. such as arousal. Although the retinotopic specificity of the baseline effects argued against this possibility, we Also, as found before, activity to both sequentially and simultaneously presented stimuli increased significantly ran an additional control experiment to rule it out. In this control, the activity in the peripheral attention task was during the attended visual presentations in V2 (p Ͻ 0.01), V4 (p Ͻ 0.0001), and TEO (p Ͻ 0.01) but not in V1 (Figures compared with the activity in a task that engaged the subjects' attention at fixation. In this fixation task, sub-3 and 4A). However, simultaneously presented stimuli evoked stronger attentional response enhancement jects counted Ts or Ls presented at a rapid rate, a task shown to be of high attentional load (cf. Kastner et al., than sequentially presented stimuli in these areas (V2, Table 1 ). In addition, but less consistently, areas in presentations were not different and were therefore avthe inferior parietal lobule (IPL) and the middle frontal eraged (EXP in Figure 4B ). The AMI and BSI typically gyrus (MFG) were found to be activated (Table 1) . Areas ranged from ϩ1 to Ϫ1, with positive values indicating in the FEF, SPL, and IPL were activated bilaterally withresponse enhancement and negative values indicating out hemispheric differences. Lateralized hemispheric response suppression. Because the AMI and the BSI activations were seen in IPS and MFG, but they were were normalized to the same values, these measures inconsistent across subjects. allow for a direct comparison of the magnitude of the The time series of the fMRI signal, the mean signal attentional effects on the baseline activity and on the changes, and the AMI and BSI averaged across subjects visually evoked responses. In V2 and V4, the BSIs were are shown in Figures 6 and 7 for IPS, SPL, FEF, and similar in magnitude to the AMIs SIM but were significantly SEF. In SPL, FEF, and SEF, there was a similar increase larger than the AMIs SEQ (p Ͻ 0.01) ( Figure 4B ). In V1, the in the fMRI signals during expectation (p ϭ 0.13), and BSI was significantly larger than both AMIs (p Ͻ 0.01); this increase was greater than that seen in visual cortex in TEO, the BSI was not different from either AMI (Figure 4B) .
(p Ͻ 0.05) (gray shaded epochs in Figures 6 and 7A) . In sustained activity throughout the expectation period and the attended stimulus presentations (blue shaded epochs in Figures 6 and 7A ). In IPS, the increase in baseline activity with attention was followed by a strong increase in the response to the visual stimuli with attention (p Ͻ 0.001) (blue shaded epochs in Figures 6 and  7A) . In this respect, the response pattern of the IPS resembled that of ventral extrastriate areas. In all frontal and parietal areas, there was a significant effect of attention on activity evoked by visual stimuli (ATT versus UNATT; FEF, SPL, and IPS, p Ͻ 0.001; SEF, p Ͻ 0.01; Figures 6 and 7) . The magnitude of attentional response modulation was similar in FEF, SEF, and SPL but less strong both in IPS (p Ͻ 0.001) ( Figure 7B ) and in ventral extrastriate cortex (p Ͻ 0.0001). This reflects the fact that minimal activity was evoked during the unattended condition in FEF, SEF, and SPL. Sequentially and simultaneously presented stimuli did not evoke significant differences in activity in any frontal or parietal 
Discussion
The baseline increase evoked by directing attention to a target location in anticipation of a behaviorally relevant stimulus at that attended location has been interpreted,
Biasing Signals in Visual Cortex
In this study, we demonstrate increases of activity in in the framework of the biased competition account of human visual cortex in the absence of visual stimulation caused by covertly directing attention to a particular location and expecting the occurrence of visual stimuli at that location. The attentional effects on the baseline activity in striate and extrastriate areas were in the range of 0.5%-1.1% mean signal change or 35%-50% of the response to visual stimuli. The increases in baseline activity appear to be qualitatively similar to the increases in maintained (spontaneous) firing rate with attention, as demonstrated in single-cell recording studies in monkey extrastriate cortex by Luck and colleagues (1997). In these studies, the monkey was cued to attend to a location within or outside a neuron's RF in the absence of visual stimulation. When the monkey attended within the RF, the maintained firing rate increased by 43% in V2 and by 30% in V4 relative to the maintained firing rate seen when the monkey attended outside the RF. Though it is difficult to compare the magnitude of the effects found with the different techniques, it is likely that a similar modulation of maintained firing rate was the basis for the signal changes measured with fMRI. Because the baseline increase was obtained by comthis interpretation, the baseline increase was observed paring a condition during which subjects covertly diin all visual areas that contained a representation of the rected attention to a peripheral target location with a attended portion of the visual field. Thus, in addition to condition during which subjects simply maintained fixa-V1 and ventral stream areas V2, V4, and TEO, activity tion, it may be argued that the baseline increase was during the expectation period was also observed in dordue to nonspecific effects, such as arousal, or any other sal stream areas V3A and MT (to be reported in detail general difference between these two conditions. Our elsewhere). These data thus support the notion that the findings speak clearly against this notion. First, we found increase in baseline activity is spatially dependent and the same baseline increase in a control experiment, in retinotopically organized, just like the attentional enwhich we compared the peripheral attention task to a hancement effects on visual stimuli (Woldorff et al., condition during which subjects performed a high atten-1997; Kastner et al., 1998; Tootell et al., 1998). However, tional load task at fixation. Second, baseline increases we cannot rule out the possibility that the baseline inin areas V1, V2, and V4 were found only in the portion crease is object-based rather than spatially based inasof the visual field representations that contained the much as the increases were found in the same areas attended location; i.e., the effects had retinotopic specithat were activated by the complex images. Even though ficity (see Figure 2A) . Nonspecific effects of attention, these areas include MT and V3A, they too may be insuch as arousal, would have influenced all parts of the volved in the processing of particular object features visual field representations. contained in the images.
It may be argued that the baseline increases during expectation reflect the memory of the attended stimulus location rather than a top-down feedback bias in favor of the attended location. We have addressed this possibility by presenting a spatial cue in that location instead of a blank screen, thereby reducing the subjects' spatial working memory load. No differences in baseline increases were found in conditions with and without a cue, suggesting that the baseline increases did not depend heavily on spatial working memory. In general, however, there is a close relationship between the neural mechanisms for attention and working memory, and these mechanisms may be difficult to disentangle (Desimone and Duncan, 1995 In session 2, ten contiguous axial slices were taken starting from subjects were in good health with no past history of psychiatric the top of the brain (thickness, 5 mm; in-plane resolution, 3.125 ϫ or neurological diseases and gave their informed written consent.
3.125 mm) and covering activation areas in frontal and parietal corSubjects had normal or corrected-to-normal (with contact lenses) tex. All subjects were scanned in session 1; four of the five subjects visual acuity.
were scanned in session 2. Echoplanar images were compared with a coaligned high-resolution anatomical scan of the same subject's brain taken in the same Visual Task Kastner et tions; accordingly, a BSI SIM was computed for responses during the expectation and presentation of simultaneously presented stimuli). al., 1998). This was accomplished by presenting high color-and luminance-contrast checker stimuli along the meridians flickering Statistical significance was assessed with repeated measures ANOVAs on the peak intensities of the fMRI signal. Two-way and threeat 4 Hz. Since it was difficult to separate V2 and VP in some subjects, activity was averaged across the two areas in all subjects. Areas way ANOVAs were calculated to assess significance for indices. For each subject, Z score maps and structural images were transformed V4 and TEO were identified by their characteristic upper (UVF) and lower (LVF) visual field retinotopy. The UVF and the LVF are sepainto the standard stereotactic Talairach space (Talairach and Tournoux, 1988) using SPM96b. For this purpose, structural and funcrated in V4 and located medially and laterally on the fusiform gyrus, whereas this separation is not seen in the region anterior to V4, tional partial volumes were aligned to a high-resolution structural whole brain volume from the same subject using AIR software in which we term TEO (Kastner et al., 1998 ). UVF and LVF retinotopy was accomplished by presenting the complex images either to the Medx. upper right or the lower right quadrant.
